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How good are we?
Recent successes show that, in certain circumstances, protein secondary
structures can be predicted with high accuracy. How far are we from being
able to predict the complete structure of a protein from its sequence?
How near are we to being able to predict protein struc-
ture from sequence? Two recent developments, namely
secondary structure prediction from multiple alignments
and protein-fold recognition, have been discussed exten-
sively, but there is little consensus as to their accuracy. The
best way of assessing the accuracy of a method is by carry-
ing out blind trials. This was the motivation for the
'Protein Structure Prediction Challenge' meeting (Asilo-
mar, California; 4-6 December 1994) [1], where several
different prediction methods were put to the test. The
report, by the assessors of this meeting, of the results for
several blind trials is eagerly awaited, as it will undoubt-
edly give an detailed and accurate picture of the field. In
the meantime, the accuracy of two attempts to predict
the secondary structures of pleckstrin homology (PH)
domains can be assessed in the light of the several PH-
domain structures that have been determined recently.
PH domains are defined by a conserved sequence pat-
tern. They were discovered when similarity was spotted
between sequences within pleckstrin, the major protein
kinase C substrate in platelets. Sequences indicative of
PH domains have subsequently been detected in a num-
ber of proteins [2]. The availability of large numbers of
homologous sequences means that multiple sequence
alignments can be carried out, which is useful for predic-
tion purposes as the sequence variation within the multi-
ple alignments provides much more structural infor-
mation than a single sequence. Over the last few years,
several groups have made accurate secondary structure
predictions from multiple alignments, in addition to sug-
gesting tertiary structural features which have proved to
be present, such as residues likely to be buried in the pro-
tein core (see [3-6] and references therein). Alignment-
based secondary structure predictions for PH domains
were recently reported by two groups [2,7].
Musacchio et al. [2] and Jenny and Benner [7] both used
alignments of highly diverse protein sequences to extract
information about the structure of PH domains. Both
groups first split (or 'parsed') the sequence alignments
into distinct conserved blocks separated by nonconserved
Fig. 1. A comparison of the known and predicted secondary structures of PH domains (the pleckstrin sequence is of its amino-terminal PH
domain). From the top, the figure shows: the aligned sequences of three PH domains (white background); the experimentally determined
secondary structures (grey background); and the predicted secondary structures (yellow background). Blue arrows indicate 3 strands, red
tubes (a helices. The experimentally determined secondary structures were taken from the literature, except in the case of the R.Dynamin
X-ray structure, for which Kabsch and Sander's DSSP program [22] was used. The figure was made using the ALSCRIPT program [23].
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residues, gaps or residues likely to occur in surface loops.
These blocks are likely to correspond to secondary struc-
ture elements, and within them periodicities of particular
types of amino-acid can often indicate secondary struc-
ture type. For example, conserved hydrophobic residues
at positions i, i+3, i+4 and i+7 - where i is a starting
position within a block - strongly suggest an oa helix.
Within an ao helix, such residues would lie on one face,
and would probably pack against the hydrophobic core.
Another pattern of conserved hydrophobic residues - i,
i+2 and i+4 - is indicative of a strand that has one
side buried in the core and another exposed to solvent.
By recognizing such patterns of conserved residues in the
PH-domain sequences, Musacchio et al. [2] and Jenny
and Benner [7] predicted between six and seven 13 strands
and a single ao helix.
The structures of a number of PH domains have recently
been determined by X-ray crystallography and NMR
spectroscopy [8-11], and show that the predictions of
both Musacchio et al. [2] and Jenny and Benner [7] are
remarkably accurate. The secondary structures revealed
by these recent studies are compared with the predicted
secondary structures in Figure 1. Both Musacchio et al.
[2] and Jenny and Benner [7] accurately predicted the
number, type and location of core secondary structure
elements, showing residue-by-residue accuracies between
75-90 % and 78-94 %, respectively. Figure 2 shows how
the prediction of Musacchio et al. [2] maps on to one of
the known structures (the dynamin PH domain) [11].
An analysis of protein families of known three-dimen-
sional structure [4], suggests that secondary structure
patterns can vary significantly between homologous
proteins and domains, particularly when sequence diver-
gence is great. The high degree of sequence variation
within the PH-domain family suggests that if many
PH-domain structures were known, agreements between
any two secondary structure assignments could be as low
as 73 %. The high degree of secondary structure variation
is also apparent when one compares the four known
PH-domain structures, which show agreements between
75 and 85%. This variation provides an upper limit on
the accuracy that can be attained for a prediction based
on the multiple sequence alignment. Given the upper
limit of 73%, the two PH-domain predictions appear
essentially perfect.
The only appreciable errors in the two predictions are at
the ends of the secondary structure elements, where small
errors are to be expected given the variation in secondary
structure assignment among the known PH-domain
structures [4-6]. An ao helix present in one structure, but
not the others (positions 46-53 in Fig. 1), was also
missed, but this is hardly surprising as the prediction
given by multiple alignment is usually the consensus for a
protein family. Predicting the correct core secondary
structure elements in the correct places is clearly an
excellent starting point for predicting a three-dimensional
fold (the tertiary structure).
Fig. 2. Crystal structure of the dynamin PH domain [11].
3 strands are shown as arrows and the a helix as a cylinder.
Structures predicted by Musacchio et al. [2] are shown mapped
on to the structure: red, strand; purple, ea helix.
Fully automated prediction methods fare worse for the
PH domain. One classical method of protein structure
prediction - the 'GOR method' [12] - which predicts
the conformation of a single residue by considering the
amino acids contained within a 17-residue window, does
particularly badly, predicting the structure to contain
mostly ot helices. The original GOR method does not
incorporate multiple sequence alignment information,
meaning that it cannot benefit from any associated
improvement in accuracy. The PHD method [13], which
uses neural networks and multiple sequence alignment
information, gives better results than GOR though; with
single PH-domain sequences, the predictions contained
several mistakes. With Jenny and Benner's alignment,
however, the PHD method gave results nearly identical
to the two published predictions (see Fig. 1). Clearly, the
accurate alignment of diverse sequences is crucial for
predicting secondary structures accurately.
One must exercise caution in assessing a structure-
prediction method based on results with just a single pro-
tein family. Reassuringly, recent predictions for protein
kinases, human growth hormone receptor, annexins, SH2
domains, SH3 domains, protein tyrosine phosphatases
and the matrix metalloproteinases have approached the
accuracy of the PH-domain predictions described above
(see [14] and references therein). However, other recent
predictions have been less accurate: for example, predic-
tions of SH3 domains, domain 2 of blood clotting factor
XIII and nitrogenase molybdenum iron proteins have
fared worse (see [14]). In these examples, a number of
core secondary structure elements were either missed
completely, or predicted as the wrong secondary struc-
ture type. Tertiary structure prediction based on such
predictions would probably prove disastrous.
Multiple sequence alignment often enables secondary
structures to be predicted accurately. What of tertiary
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structures? Newly determined protein tertiary structures
are often found to resemble known structures, despite the
absence of apparent sequence similarity. Many methods
have been described [15,16] for predicting the fold most
likely to be adopted for a protein of unknown three-
dimensional structure. All of these methods attempt to
fit, or thread, a sequence for a protein of unknown three-
dimensional structure onto other proteins of known
structure. The goal is to assess whether a protein
sequence fits onto an already known structure. Most
methods do not make explicit use of secondary structure
prediction, relying mostly on means for scoring the fit,
based on empirical potentials, of a sequence to a known
three-dimensional structure.
Clearly, alignment-based secondary structure prediction
and existing methods of protein fold recognition can be
combined. The knowledge that an alignment-based
secondary structure prediction is likely to be >60 %
accurate [13] must greatly reduce the number of possible
alternatives to be chosen from an explosively large num-
ber of threads [17], thus making more exhaustive searches
possible. Other information from multiple sequence
alignments - on residues buried in the core of the pro-
tein, or the lengths of loops connecting predicted second-
ary structure elements - could also aid the assessment of
the fit of protein sequence to structure. The combination
of alignment-based secondary structure prediction with
methods for protein fold recognition might enable simi-
larities like that between the PH domain and retinol
binding protein [8] to be detected prior to experimental
structure determination. A method for combining sec-
ondary structure prediction with fold recognition is
being developed in our laboratory with encouraging
results (Paul Bates, personal communication).
Recently, Edwards and Perkins [18] used alignment-
based secondary structure prediction, protein-fold rec-
ognition algorithms and a consideration of protein
structural principles to predict both the secondary and
tertiary structure of the von Willebrand factor type A
domain. They predicted that the structure would consist
of an alternating arrangement of 3 strands and ot helices,
and predicted that the fold would be likely to resemble
that of human Ras. The prediction has proven remark-
ably accurate - the recently determined crystal structure
of a member of this protein family [19] shows that the
von Willebrand factor structure differs from that of Ras
only in the orientation of two strands. Edwards and
Perkins [18] also correctly predicted the approximate ori-
entation of residues involved in metal binding. This pre-
diction is a milestone, as it is one of the few accurate
predictions of a protein fold (see [20,21] for others). A
combination of diverse sequence data, existing computer
programs and human insight can thus, for certain protein
families, lead to accurate protein fold prediction. General
strategies for accurate and credible predictions of protein
folds may be just around the corner.
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